We report effects of electron-electron (e-e) interaction on electron spin resonance (ESR) in perpendicular magnetic field in two-dimensional (2D) systems with Bychkov-Rashba spin splitting induced by spin-orbit interaction (SOI) and structural inversion asymmetry (SIA). Using the Hartree-Fock approximation, we demonstrate that the SIA results in non-zero many-body corrections to the ESR energy and the energy of spin wave excitations. We discover that the e-e interaction in 2D systems with SIA not only can enhance the ESR energy but can also lead to the ESR energy reduction. The magnitude of this effect exhibits remarkable features in a wide range of parameters relevant to experiment: it is found to be rather sensitive to the sign of g-factor and the filling factor of Landau levels ν. We derive analytical expressions for many-body corrections to ESR energy and the dispersion of spin wave excitations for the case of ν ≤ 2. We have found out that e-e interaction does not affect the ESR energy in the case of filling of the lowest Landau level (ν ≤ 1) in 2D systems with positive g-factors even at arbitrarily large values of Bychkov-Rashba constant. The many-body renormalization of ESR energy in the case of fractional Quantum Hall effect is also discussed.
I. INTRODUCTION
The investigation of the behavior of collective spinwave (SW) excitations in two-dimensional (2D) systems can provide deep insights into the nature of its long-range magnetic order 1 . According to Larmor theorem 2 , in 2D systems with continuous rotational invariance in the spin space the long-wavelength collective SW excitation occurs exactly at the single-particle electron spin resonance (ESR) energy. In other words, electron-electron (e-e) interaction does not contribute in the ESR energy in such systems.
The presence of SOI perturbs the spin invariance in the system, as well as contributes in the various e-e interaction-induced effects in 2D electron gas (2DEG) in the integer [3] [4] [5] [6] [7] [8] [9] [10] [11] and fractional [12] [13] [14] [15] [16] [17] Quantum Hall effect (FQHE) regime. Controlling of the many-body effects via SOI is interesting from the fundamental physics point of view and is possibly useful for various device applications. This realization in semiconductor heterostructures through the Bychkov-Rashba (BR) spin splitting 18 , which arises from structural inversion asymmetry (SIA) in the presence of SOI, is of particular interest to spintronics research, because SOI-strength can be tuned by external gate voltages [19] [20] [21] or via persistent photoconductivity effect [22] [23] [24] . The first theoretical evidence of the SOI-induced violation of the Larmor theorem in a 2DEG was reported by Califano et al. 12 , who studied effect of BR term, being linear in quasimomentum 18 , on many-body corrections to the ESR energy in the FQHE regime. Recently, we have provided a first theoretical evidence of the Larmor theorem violation in symmetric narrow-gap quantum wells (QWs) 10, 17 . We have shown that the ESR energy is significantly enhanced by e-e interaction due to both SOI and the mixing of Γ 6 band with the bands Γ 7 and Γ 8 .
To describe the single-electron states in such narrow-gap QWs, the 8×8 k·p Hamiltonian was used.
Our latest paper
11 is devoted to many-body renormalization of the ESR energy and spin-wave excitations in symmetric and asymmetric QW based on narrow-gap materials. Since the inclusion of any asymmetric electric field in the 8-band k·p Hamiltonian automatically leads to the effect of BR spin splitting in 2D system 25, 26 , we can, by comparing the calculations for the symmetric and asymmetric QW, evaluate the BR effect on manybody renormalization of the ESR energy in a narrowgap QW. Note that by using 8-band k·p Hamiltonian for single-electron states, we directly took into account the strong mixing between the conduction (Γ 6 ) and valence (Γ 7 and Γ 8 ) bands, which plays a principal role in many-body effects [4] [5] [6] [9] [10] [11] 17, 27 and results in the subband nonparabolicity in narrow-gap QWs. The nonparabolicity, in its turn, leads not only to the energy dependence of the effective mass 28, 29 , as measured in the cyclotron resonance experiments [30] [31] [32] , but to a nonlinear dependence of BR spin splitting on quasimomentum as well 25, 26 . The results reported in Ref. 11 demonstrate that BR spin splitting in asymmetric narrow-gap QWs leads to additional enhancement of many-particle ESR energy as compared with the many-particle values in the symmetric QWs.
In many semiconductor 2D systems one may neglect the subband nonparabolicity and describe the energy spectrum by using just a 'single-band' approximation. Within this model the electron mass and g-factor are assumed independent of energy and SOI in the presence of SIA is described by an additional BR term 18 , which is linear in quasimomentum. This work is devoted to studies of the e-e interaction effects in ESR in 2DEG with BR spin splitting, placed in a perpendicular magnetic field, and to calculation of the SW dispersions in such system in the absence of nonparabolicity and disorder. Surprisingly, we discover that the e-e interaction in 2D systems with SIA can not only enhance the ESR energy, as predicted for narrow-gap QWs 11 , but can also can lead to the ESR energy reduction. The magnitude of this effect is found to be rather sensitive to the sign of g-factor and the filling factor of Landau levels (LLs).
Moreover, e-e interaction does not affect the ESR energy in 2D systems with positive g-factors in the case of the lowest LL filling even at arbitrarily large values of BR constant. In particular, it allows one to obtain the singleparticle g-factor values from ESR measurements in such 2D systems. It could also be important for new classes of 2D systems, based on the chemical elements with high atomic numbers, such as Te-or I-terminated surfaces of BiTeI, BiTeCl or BiTeBr 33, 34 , in which the BR constant reaches values as high as 4-5 eV·Å.
The paper is organized as follows. The general theory based on the Hartree-Fock approximation (HFA) for calculation of SW excitations and 'many-particle' ESR energies in 2DEG systems with SIA is given in Section II. To demonstrate the theoretical results obtained, we perform calculations with the parameters, relevant for 2D systems based on GaAs/AlGaAs because the sign of electron gfactor in such 2D systems can be varied 35, 36 . We understand that in addition to the SOI-induced term caused by SIA, the term related with Bulk Inversion Asymmetry (BIA) 37 in the Hamiltonian of such 2D systems does also exist. Moreover, the SIA and BIA terms could be comparable in magnitude [38] [39] [40] . Since our aim is to study the many-body renormalization of ESR energy that is related with SIA, we do not include the BIA term in the consideration. Calculations of the ESR energies and the SW dispersions for different values of electron g-factor values are performed in Section III. The main results of this work are summarized in Section IV.
II. THEORETICAL FORMALISM
We consider a 2DEG at zero temperature in the plane (x, y) placed in a perpendicular magnetic field in the presence of BR SOI-induced term 18 and in the absence of disorder. For simplicity, the electron motion along the z direction is neglected, and, thus we consider a purely 2D system with a zero width along the z axis.
A. Single-electron picture
In the simplest form of 'single-band' approximation a Hamiltonian for single-electron states is of the form:
(1) where B is the magnetic field strength, m * is the effective electron mass, g * is effective g-factor, µ B > 0 is the Bohr magneton, σ x , σ y , σ z are the Pauli matrices, α is a Bychkov-Rashba constant and
where e > 0 is the elementary charge, A is the magnetic vector potential.
To calculate the LL energies and wave functions of single-electron states, it is convenient to introduce the LL ladder operators as follows 4 :
where a B = c/eB is the magnetic length. As a result, H (1e) can be written in the following form:
Here ω c = eB/m * c andα = √ 2α/a B . By using the Landau gauge for the magnetic vector potential A = (0, Bx, 0), we can write the single-electron wave functions of H (1e) as
where n is the LL index, k is the parameter for the degenerate states within the same LL in the Landau gauge and |n, k are the normalized harmonic oscillator functions defined as
, n ≥ 0,
Here L is the sample size along the y axis, H n (x) are the Hermitian polynomials with number n. The eigenvalues of H (1e) at n > 0 have two branches:
The single-electron wave functions of Hamiltonian (3) are readily represented in the following form: 
where
At n = 0 the Hamiltonian (3) has only one eigenvalue:
that corresponds to the wave function of the form
Using the model proposed by Pfeffer and Zawadzki 36, 41 , it can be shown that relation
where m 0 is the free-electron mass, holds for the majority of 2D systems based on various semiconductor materials. It should be noted that condition (12) corresponds to ω c > |g * | µ B B. Further we will restrict our consideration solely to such kind of 2D systems. Since, given condition (12) is met, eigenvalue (10) and wave function (11) can formally be derived from expressions (6) and (7), we will conditionally relate the solution with n = 0 to the spectral branch labeled by index a.
For further analysis it is convenient to introduce the dimensionless LL energies as
It is easily seen that relation (12) leads to condition 0 < A < 2, with A ≥ 1 corresponding to g * ≤ 0. The dimensionless energy levels for single-electron states at A = 0.5 (g * > 0) and A = 1.5 (g * < 0) as functions of dimensionless parameter Y are plotted in Fig. 1 . Red curves correspond to LLs E (a) n / ω c , black curves to the LL of the spectral branch described by E In addition to ESR, transitions corresponding to cyclotron resonance ((n, a)→(n + 1, a) and (n, b)→(n + 1, b)) and combined resonance ((n, a)→(n + 2, b) and (n, b)→(n, a)) could be excited in 2D systems by external time-dependent magnetic or electric field. The excitation mechanism of these transitions was discussed in details by Rashba et al. [42] [43] [44] In this paper we focus on consideration the case of ESR only, therefore discussion of others electron transitions will be omitted.
An interesting feature of a 2D system with the BR spin splitting is the crossing of LLs from different branches as Y changes with a varying B or α. One can easily show that the values of dimensionless parameter Y k (n), corresponding to the crossing of levels (n, a) and (n + k, b), satisfy the expression
It follows from Eq. (15) and condition Y ≥ 0 that LLs (n, a) and (n + 1, b) cross only if A < 1, i.e., at g * > 0 . If this LL crossing occurs at the Fermi level, the single-electron values of ESR energy vanish. We note that condition Y = Y 1 (n) also gives rise to the divergency of spin Hall conductance 45 .
Another important feature of a 2D system with BR spin splitting is that for certain relations between m * , g * , α and B it simultaneously has several transitions associated with ESR. The diagram in Fig. 2 illustrates the regions of parameters corresponding to the varying number of the ESR-related transitions. At Fig. 2 ) for certain values of the LL filling factor there arises, besides the transition between levels (n, a) and (n + 1, b), a transition between LLs (n + 1, a) and (n + 2, b), as well. Likewise, at Y 4 (n) < Y < Y 3 (n) (region III in Fig. 2 ) as many as three ESR transitions may arise simultaneously between following pairs of the LLs: (n, a) and (n+1, b); (n+1, a) and (n+2, b); (n+2, a) and (n + 3,
there is a possibility of k transitions arising between pairs: (n, a) and (n + 1, b); . . . (n + k − 1, a) and (n + k, b).
In weak magnetic fields that correspond to small values of Y and large values of n the number of the ESR transitions k is also great. However, these transitions have close energies 46 :
where the Fermi wave vector k F and BR spin splitting ∆ R in a zero magnetic field are defined as
As mentioned above, we consider only the 2D systems in which the condition (12) is fulfilled, i.e., leads to 0 < A < 2 (blue-and red-shaded areas). Besides, we will further examine the case of rather strong magnetic fields, Y > Y 2 (n), that in Fig. 2 corresponds to region I in which the single ESR-related transition is possible at fixed values of n.
B. Hartree-Fock approximation
The total Hamiltonian of the 2DEG with BR term in the second quantized representation can be written as:
where r = (x, y) is a radius vector in 2DEG plane, the termĤ int describes the e-e interaction in 2DEG, V (| r 1 − r 2 |) is the Coulomb potential, the upper sign '+' denotes the Hermitian conjugation. Here we have introduced the field operatorsΨ( r) andΨ + ( r), which are defined by fermion creation and annihilation operators a n,k,i , a + n,k,i and the single electron wave functions Ψ (a) n,k (7) and Ψ
where i = a or b.
Using the Fourier transform for the Coulomb potential,
we can reduce the procedure of estimating the Coulomb potential matrix elements via the wave functions (7) and (8) to calculations of matrix elements n 1 , k 1 |e i q r |n 2 , k 2 10,17 .
The Fourier components of the Coulomb potential D(q) for 2DEG, in general, have the form:
where ǫ is a permittivity of 2D system and F (q) is geometrical form factor 47, 48 taking into account the nonzero thickness and electrostatic image force effects. As we have neglected the electron motion along the z direction, we should set F (q) = 1.
After some tedious calculations one arrives at the following expressions forĤ 0 andĤ int :
where the matrix elementsṼ
Here we have introducedG
n1,n2 ( q) as follows:
In Eq. (22)
n1,n2 (x), determined by wave functions (7) and (8), is of the following form:
for n > 0, n ′ > 0, and
where the asterisk '*' denotes the complex conjugation.
Various collective excitations can be regarded as excitation of magnetic excitons formed by an electron that is excited onto an unfilled or partially filled LL (n, i), and an effective hole appearing simultaneously at level (n ′ , i ′ ) abandoned by that electron 49 . To calculate the energies of such excitations it is convenient to use excitonic representation 10, 11, [50] [51] [52] [53] . Restricting our analysis to the zero temperature, let us introduce the exciton creation operator:
that satisfies the following commutation relation:
(26) The excitation energy E ex with respect to the energy of the ground state |0 obeys the equation:
To calculate the commutator in the right-hand side of Eq. (27) , involving six fermion operators, we have ex- (28) Now using the commutation relations (26) and following the standard HFA rule
n is the filling factor for LL (n, i), we get the following expression for the commutator in the right-hand part of Eq. (27) :
(31) As was done in our previous paper 11 , of all the terms in the expression for Ĥ int , A + n,n ′ ,i,i ′ ( k) we retain just those containing one creation-and one annihilation fermion operator, multiplied by the operator for the number of particles. This is fully equivalent to the 'mean-field' approach developed by Kallin and Halperin 49 . Eq. (30) formally coincides with that obtained in Ref. 11 . The difference is hidden in the calculation of the matrix elements of e-e interaction. As clearly seen from Eq. (31), the second and third terms provide the mixing of all possible excitation states in a 2D system.
Let us look into the details of the excitation induced by an electron transition between LLs (n, a) and (n − 1, b), whose energy in the long-wave limit corresponds to that of ESR. In the absence of BR spin splitting (α = 0) this excitation corresponds to spin wave excitation (or spin exciton). Strictly speaking, spin is not a good quantum number for classification of the excitations at α = 0. Nevertheless, as in our previous work 11 , we will adhere to the term 'spin wave' for the excitation between LL (n, a) and (n − 1, b) in a 2D system with BR spin splitting, by analogy with the case α = 0. Note that electron transitions between the LLs (n, i) and (n + 1, i) corresponds to the magnetoplasmon excitations, which energies at k = 0 are measured in cyclotron resonance experiments.
As it is mentioned above, we restrict ourself by consideration the case of rather strong magnetic fields, which correspond to Y > Y 2 (n). We note that only single ESR-related transition is possible in this case. It is clear from Fig. 1 that in the vicinity of Y 2 (n) ESR energy is comparable with the energy of cyclotron resonance transition of an electron from LL (n + 1, b) to the level (n + 2, b). Therefore, the excitations described by operators A By taking into consideration the above arguments and by using the polar coordinate system to calculate the integral over the polar angle in the matrix elements (31) , one arrives at the expressions for SW excitation energy:
for Y ≤ Y 1 (n) if g * > 0 or for g * ≤ 0, and
In Eqs. (32) and (33), J 0 (x) is the zero-order Bessel function,Σ
n are the exchange contributions of completely occupied LLs to the energy of LL (n + 1, b) and (n, a). We note thatΣ 
Eqs (32), (33) and (34) have a general form and are valid also in 2D systems with a nonzero thickness along the z direction. It is seen that ∆ (e−e) SW (k) is a finite quantity at n → ∞. Since this case corresponds to the limit of weak magnetic fields at fixed values of the 2D electrons concentration, e 2 /(ǫa B )∆ (e−e) SW (k) → 0 at B → 0, which implies that the ESR energy calculated within HFA tends to zero with a decreasing magnetic field.
C. HFA in the case of n = 0
Now consider a 2D system with F (q) = 1, in which excitation occurs between levels (0, a) and (1, b) , i.e., when the LL filling factor is ν ≤ 2. In this case the integrals in Eqs. (32) and (33) can be calculated analytically. As a result, the expression for ∆ (e−e) SW (k) can be written as
Here '+' corresponds to the case E (k) are defined as
where I 0 (x) and I 1 (x) are the modified zero-and firstorder Bessel functions. In Eq. (35) ∆ (e−e) b
does not depend on momentum and is written as follows:
At α → 0 (cos 2 ϕ 1 → 0) Eq. (35) takes the form:
which has previously been obtained within HFA in the absence of BR term 49, 54, 55 .
The many-body correction to ESR energy is defined by nonvanishing terms at k = 0 in Eq. (35):
Eq. (39) being valid for any values of BR constant α has some remarkable features. One can see that in 2D systems with negative g-factor values (the case of '−') at ν ≤ 2 the correction is negative, i.e., the e-e interaction causes reduction of ESR energy. In 2D systems with positive values of the electron gfactor in strong magnetic fields such that Y > Y 1 (0) (the case of '+') the filling factor increasing in the interval 1 < ν ≤ 2 the correction is positive, i.e., the e-e interaction leads to enhancement of the ESR energy.
At ν ≤ 1 the e-e interaction does not affect the ESR energy. Indeed, in these circumstances E The latter condition provides that many-body correction to the ESR energy, ∆ (e−e) SW (0), turns to zero at ν ≤ 1 even at arbitrarily large values of BR constant. This results from a specific structure of electron wave function (11) in the lowest LL, which is the same as it is in the absence of BR SOI-induced term. Further, we show that this remarkable behavior is not caused by HFA and also holds in non-perturbative approach, used for the case of FQHE.
D. ESR at ν < 1 beyond HFA
It is worth mentioning that HFA is a fairly good approximation for magnetoplasmon and spin-wave excitation at integer LL filling factors 27, [49] [50] [51] . At special (fractional) filling factors the ground state of 2D system is a highly correlated electron liquid (see, for example, Ref. 56). The HFA, strictly speaking, does not take into account the correlated nature of the ground state at fractional LL filling factors. The electron correlations in the ground state can be taken into account in the generalized single-mode approximation (GSMA) 2,17,52,57,58 . The energy of SW excitation within GSMA at ν < 1 has the form
where the contribution of e-e interaction is determined as follows:
(41) In Eq. (40) we implicitly consider (n ′ , i ′ ) as the lowest LL. It can be shown that averaging of 0|A
over the ground state is proportional to the density-density correlation function calculated for the lowest LL 58 that is, in its turn, also related to the pair distribution function g
n ′ (r) for the electrons in LL (n ′ , i ′ ) calculated for the ground state 57,58 :
where s
n ′ ( q ) is a static structure factor for the electrons in the lowest LL,
n ′ (r):
In (43) g
n ′ (r) satisfies the normalization condition ν
n ′ N φ holds. By using the commutation relations (26) for the exciton creation operators and Eqs. (42), it is straightforward to rewrite Eq. (41) in the form:
First we consider the many-body correction to ESR energy in the case (n ′ , i ′ )=(0, a) and (n, i)=(1, b), i.e., at g * > 0 and Y > Y 1 (0). Under this condition Eq. (44) is rewritten as
We note that since electron wave function for LL (0, a) is unaffected by SOI,h Taking into account Eqs. (23) and (24), it is easy to verify that ∆ 
Taking into account Eqs. (23) and (24), one arrives at following form of ∆ (e−e) SW (0):
The earlier HFA results (see Eq. (39)) can be obtained by using Eq. (47) withh
1 . We note that at ν Analytical form forh
1 < 1 in the presence of SOI is unknown. However, the numerical many-body calculations, performed by Califano et al. 12 for negative g-factor values, indicates that many-body correction to ESR energy in the case of FQHE is positive, in contrast to the HFA results ∆ (e−e)
III. RESULTS AND DISCUSSIONS
To illustrate our theoretical results obtained in Sec. II, we consider a 'model' 2D system with a zero thickness, in which ǫ = 12.5, m * = 0.067m 0 , α = 0.005 eV·Å and 2DEG concentration is 4.0 · 10 11 cm −2 . The g-factor values are assumed to vary in the range from -0.4 to 0.4. These parameters are typical for 2D systems based on GaAs/AlGaAs 21, [59] [60] [61] [62] . Note that to describe the actual 2D systems one should take into account the nonzerothickness effect. However, the model 2D system is quite sufficient for gaining a principle understanding of e-e interaction effects in ESR.
A. Electron spin resonance Figure 3 illustrates the ESR energy at different g-factor values as a function of magnetic field in the model 2D system. Black curve corresponds to the single-electron ESR energy, while the red one is the ESR energy calculated within HFA. Zeeman energy is marked by blue curve. The dotted green curve is described by Eq. (16) . The black and green arrows indicate the magnetic field values corresponding to the even and odd LL filling factors respectively. As mentioned above, we restrict our consideration to the range of magnetic fields corresponding to Y > Y 2 (n F ), where n F is the number of the pair of spin-split LLs crossing the Fermi level. At a fixed value of the magnetic field, n F is found from the condition:
where n S is the 2DEG concentration. For the assigned parameters of the model 2D system and at n S = 4.0·10 11 cm −2 the value of dimensionless parameter Y = Y 2 (n F ) was reached at n F = 51 and B ≈ 0.16 T.
As seen from Fig. 3 , the behavior of the single-electron ESR energy in a magnetic field is determined by the sign of the 2D electrons g-factor. At g * ≤ 0, as the magnetic field increases from zero, the single-electron ESR energy smoothly drops, tending to the value of Zeeman splitting in high magnetic fields. If the 2D electron g-factor is positive, the single-electron ESR energy is a non-smooth function of the magnetic field, exhibiting a 'V-shaped' behavior in the vicinity of critical magnetic field B cr , where the single-electron ESR energy vanishes, its value obeying the condition Y = Y 1 (n F ).
The 'jump' features at the black curve at even-valued filling factors appear due to the dependence of the singleelectron ESR energy on LL index n. As the magnetic field increases, the Fermi level 'jumps' from one pair of spin-split LLs to the lower-lying pair having a different value of spin splitting. This causes a sharp rise of the spin splitting energy at the Fermi level, followed by an abrupt change in the ESR energy. It should be noted that the weak dependence of the LL spin splitting on LL index n at ν < 6 provides that the single-electron ESR energy in the model system is reasonably well described by Eq. (16) at any values of the g-factor.
Taking the e-e interaction into account leads to substantial renormalization of the ESR energy in the region of magnetic fields, where the BR spin splitting has a noticeable effect on single-electron ESR energy. The oscillatory behavior of many-body correction ∆ nF +1 . At zero temperature in the absence of disorder in the 2D system, the densities of states at LLs (n F , a) and (n F + 1, b) are the Dirac delta functions. Therefore, they never overlap, which, in particular, leads to existence of ∆ nF +1 and ESR energy are smeared out through overlapping of the density of states, which increases in weak magnetic fields. We also note that the disorder in a 2D system with BR splitting also causes a positive shift of the single-electron ESR energy 63 .
Many-body correction to the ESR energy, ∆ (e−e) SW (0), strongly depends on a sign of the 2D electron g-factor. At g * ≤ 0 the e-e interaction induces reduction of the ESR energy at all values of the magnetic field. We note that in 2D narrow-gap semiconductor systems with BR spin splitting the g-factor also has a negative sign, but the e-e interaction in them leads to enhancement of the ESR energy due to additional effect of subband nonparabolicity 11 . With a positive g-factor the contribution of e-e interaction in the ESR energy can be both positive and neg-ative, depending on a magnetic field. In the region of weak magnetic fields corresponding to B ≪ B cr , the e-e interaction reduces the ESR energy as compared with the single-electron values. In high magnetic fields B ≫ B cr the ESR energy is reduced only in the vicinity of the oddvalued LL filling factor. At other values of ν > 1 the e-e interaction induces enhancement of the ESR energy.
In the vicinity of B cr the ESR energy has a complex behavior in the magnetic field. Figure 4 shows oscillating behaviour of the many-body corrections at different g-factor values. The black curve corresponds to the HFA correction calculated for g * = −0.4. The black and green arrows in Fig. 4 indicate the magnetic field values corresponding to the even and odd LL filling factors, respectively. The red curve is the many-body-correction calculated for g * = 0.4. Note that in this case B cr ≈ 0.55 T (see Fig. 3b ). It is clear from Fig. 4 that in the vicinity of B cr the many-body correction at a positive g-factor undergoes an abrupt change from positive to negative value, as the magnetic field decreases. Since in actual ESR experiments the absolute value of the energy is measured, competing values of the single-electron ESR energy and many-body correction yield a complex oscillation picture, which is observed in Figs 3b and 3d. B. Spin-wave excitations , which does not depend on the wave vector. The ∆ (e−e) (k) and ∆ (e−e) b related contributions to the SW excitation energy increase with a rising α. However, the contribution of ∆ (e−e) ab (k) diminishes, which leads to distortion of the dispersion shape of the SW excitation.
In all cases of interest the spin-wave energy has a negative shift as compared with the values at α = 0. Note that according to Eq. (35), the shift tends to zero in the limit k → 0 for ν = 1 and g * > 0. It is clear that for the same absolute values of g-factor and at a fixed BR constant the spin-wave energies are shifted to a greater extent at g * < 0 than is the case at positive g-factors. Especially this is explicitly seen in the range of ka B ≪ 1.
We have considered the SW excitations at odd LL filling factors. As the LL filling factor deviates from the values of ν = 1 and 3 in a 2D system with g * < 0, the SW excitations are qualitatively described by the dispersion curves similar to those given in Fig. 5(a, c) . In 2D systems with positive g-factor values the dispersion curves of SW excitations are significantly modified by deviations from the odd-valued LL filling factor. As clearly seen from Fig. 6 , the dispersions have a positive shift at small values of the wave vector. In the limit of infinitely large wave vectors the shift is negative. With a growing value of the LL filling factor, the BR spin splitting influence on the dispersion curves of SW excitations increases.
IV. CONCLUSIONS
We have studied a contribution of e-e interaction to ESR energy and spin-wave excitations in perpendicular magnetic field in 2D systems with Bychkov-Rashba spin splitting. By using HFA, the many-body corrections to the single-particle ESR energy are found to be nonzero. We have found out that e-e interaction in 2D systems with SIA can not only enhance the ESR energy, as it has been predicted for narrow-gap QWs 11 , but also can lead to the ESR energy reduction. We demonstrate that many-body ESR energy is an oscillating function of the magnetic field, which behavior is rather sensitive to the sign of g-factor and the LL filling factor. In particular, we have shown that e-e interaction does not affect the ESR energy in the case of the lowest LL filling in 2D systems with positive g-factors. We derive analytical expressions for the case ν ≤ 2 and show that significant dependence of the dispersion curve of SW excitation on BR constant and g-factor values, especially for large values of α.
The results obtained indicate that e-e interaction in any case should be taken into consideration in analyzing of experiments on ESR in the regions of magnetic field, in which the BR constant α could be extracted from experimental data (cf. Ref. 64 ).
